Several theories of phospholipid homeostasis have postulated that cells regulate the molecular composition of their bilayer membranes, such that a common biophysical membrane parameter is under homeostatic control. Two commonly cited theories are the intrinsic curvature hypothesis, which states that cells control membrane curvature elastic stress, and the theory of homeoviscous adaptation, which postulates cells control acyl chain packing order (membrane order). In this paper, we present evidence from datadriven modelling studies that these two theories correlate in vivo. We estimate the curvature elastic stress of mammalian cells to be 4-7 Â 10 212 N, a value high enough to suggest that in mammalian cells the preservation of membrane order arises through a mechanism where membrane curvature elastic stress is controlled. These results emerge from analysing the molecular contribution of individual phospholipids to both membrane order and curvature elastic stress in nearly 500 cellular compositionally diverse lipidomes. Our model suggests that the de novo synthesis of lipids is the dominant mechanism by which cells control curvature elastic stress and hence membrane order in vivo. These results also suggest that cells can increase membrane curvature elastic stress disproportionately to membrane order by incorporating polyunsaturated fatty acids into lipids.
Introduction
Theories of phospholipid homeostasis have arisen to explain long-standing observations that the steady-state phospholipid, cholesterol and protein composition of biological membranes changes in response to environmental conditions. For example chemicals, such as crude oil [1] , PCB-153 [2], hydrocarbons, alcohols and detergents [3] , fatty acids [4] and phospholipids [5] , all cause changes to the lipid composition of biological membranes. Furthermore, the effects of temperature on biomembrane lipid composition are well documented in large numbers of animal species such as in poikilotherms [6] , Archaea [7] , zooplankton [8] , fish [9, 10] , mammals [11, 12] and plants [13] as discussed [14, 15] . As it is well established in model membranes that different component lipids cause the collective lipid membrane to have different physical properties, the question 'Which physical property are cells conserving in their biological membranes?' arises.
In answer to this question, several theories have emerged. The theory of homeoviscous adaptation (HVA) suggests [16] that cells regulate the membrane order of their biological membranes, often described as regulation of membrane fluidity or membrane viscosity. In membranes, order is quantified through an order parameter ranging from 0 (disorder) to 1 (order) and typically calculated using electron spin resonance or fluorescence anisotropy of probes such as diphenylhexatriene [9, 16] . The origin of HVA theory stems principally from the observations of Sinensky [16] who observed that the order parameter of Escherichia coli lipid membranes, determined by electron spin resonance, was unchanged & 2016 The Author(s) Published by the Royal Society. All rights reserved.
despite the membranes having different lipid compositions at different temperatures. Over time a large number of other studies have shown that HVA, while initially formulated as a temperature-dependent response in bacteria, has a broader evolutionary significance [9, 11] . For example, evidence suggests that membrane order is preserved by biological membranes in response to hydrostatic and osmotic pressure [10, 17] , low magnetic field strength [18] and chemicals [2, 19] , as discussed [14, 15, 20] . It has also become clear that lipids like cholesterol [21] play a critical role in regulating membrane order-or fluidity as it is commonly referred to in mammalian systems [22] .
By contrast, the intrinsic curvature hypothesis [23] states that the intrinsic (or spontaneous) curvature of biological membranes is tightly regulated through membrane compositional change, maintaining membrane curvature elastic energy [24, 25] within tight boundaries. The origin of this theory stems from observations that cells appear to maintain their membrane composition away from a phase transition, so-called homeophasic adaptation [26] . However, the fundamental observation that cells contain a large number of lipids that prefer to adopt curved non-bilayer structures led Gruner to postulate [23, 27] that cells maintain the stored elastic energy that arises from curvature frustration constant. These are not the only theories of phospholipid homeostasis [28, 29] ; for example it has been suggested that cells regulate the surface charge of their biological membranes by controlling the concentration of negatively charged lipids [30] .
In a broader context, altered lipid compositions are associated with a number of diseases such as cancer [31] , obesity [32] , Alzheimer's disease [33] , liver disease [34] and type 2 diabetes [35] . Therefore, quantitative system models of cellular phospholipid homeostasis are critical to understanding these pathologies.
Cellular mechanisms of phospholipid homeostasis
The mechanism through which the lipid biosynthetic network detects membrane biophysical properties, and adjusts biomembrane composition accordingly, is not well elucidated. Data suggest some of the enzymes involved in lipid biosynthesis, such as CTP : phosphocholine cytidylyltransferase (CCT) [36] and phospholipases [37, 38] , are regulated by membrane curvature elastic energy and could form part of a regulation pathway [39] . Membrane curvature elastic energy has also been implicated in the mechanism of action of some antineoplastic agents [40, 41] . By contrast, studies using labelled spin probes for electron spin resonance [16] or membrane fluorescence depolarization probes [9, 11] have shown that membrane order in many biological membranes is preserved although membrane composition has changed [14, 15, 26] . There is evidence of the mechanism through which bacteria might control membrane order [42] but the precise pathways that eukaryotic cells use have not yet been discovered. However, Rho signalling [43] and a group VIA Ca 2þ independentphospholipase-A 2 have been identified as significant [44] . Both biochemical and transcriptional mechanisms play a role in phospholipid homeostasis; in bacteria, this is better understood than in eukaryotes [28] . The sterol regulatory element-binding proteins (SREBPs) are a critical part of the transcriptional mechanism of mammalian lipid homeostasis. SREBPs, in response to the levels of fatty acids in a membrane, proteolytically release fragments that enter the nucleus and activate some of the genes required for lipid homeostasis [45] .
Previously we have identified two different ratio control mechanisms that operate in phospholipid homeostasis at the biochemical level. One of these was a ratio control mechanism for membrane disorder inspired by HVA [20] and the other was a ratio control mechanism derived from the intrinsic curvature hypothesis [46, 47] . Both these studies used the lipidomes of HL60 and HeLa cells to construct a systems-level insight into the collective properties of cellular membranes through data-driven modelling, summarized in §1.2.
Background: data-driven modelling with control functions in lipidomic datasets
The central premise of the data-driven approach is to state that all the different lipid compositions that exist across a cell line represent different combinations of lipids with an identical value of the common biophysical parameter (membrane order or membrane curvature elastic stress in these studies 
In formal terms equation (1.1) asks, given the set of all possible lipid species fLg, is there a universal pivot lipid species, L pdis , that partitions L into subsets fL ord þ L pdis g, fL dis g such that the mean value of p dis has the minimum variance across multiple cell populations? In equation (1.1) [L dis , n ] denotes the concentration of lipid (typically moles per cell) that decreases membrane order, i.e. disordering lipids n and w dis , n is the weighting factor for disorder for lipid n. Similarly [L ord , m ] is the concentration of lipid that increases order, i.e. ordering lipids m and w dis , m is the weighting factor for disorder for lipid m. The variables a and b are the total numbers of ordering and disordering lipids, respectively. We use a ratio control function because evidence has suggested that membrane order is regulated in vivo by the ratio of saturated to polyunsaturated fatty acids [11] present within the phospholipids constituting the cell membrane.
For the intrinsic curvature hypothesis, we use the same conventional ratio control function but replace L dis and L ord with the terms L II and L 0 , where L II is the concentration of type II lipids, i.e. lipids that increase membrane stored elastic energy, and L 0 is the concentration of type 0 lipids which decrease membrane stored elastic energy. We introduce the term p ces as a proxy measure of membrane curvature elastic energy, calculated from equation (1.1) replacing w dis with w ces , which is the individual lipid-weighting factor for curvature elastic stress. A ratio control function is used because it has been suggested that in vivo cells balance membrane stored elastic energy through controlling the ratio of type 0 to type II (or bilayer to non-bilayer forming lipids) [39] .
Background: quantifying membrane stored elastic energy
Critical to understanding this work is the quantification of membrane stored elastic energy from the lipid radius of spontaneous curvature (R 0 ), i.e. the unstressed radius of curvature of aggregated lipids. R 0 is typically derived from inverse hexagonal lyotropic liquid crystal phases by small angle X-ray scattering [38] and related to the elastic free energy of bending (DG c ) of a monolayer of surface area (A) by the Helfrich Hamiltonian [24] :
where, c 1 (¼1/R 1 ) and c 2 (¼1/R 2 ) are the principal curvatures at the interface (with the convention that a monolayer with negative curvature curves towards water), c 0 (¼1/R 0 ) is the intrinsic (or spontaneous) curvature of the monolayer, k M is the mean curvature bending rigidity and k G is the Gaussian curvature modulus.
As it is not easy to obtain detailed information on the changing values of A, k M and k G for cells, we use curvature elastic stress (t), equation (1.3) , as a first order approximation of stored elastic energy:
ð1:3Þ
Extensive details of how the control functions were parametrized and how the values of w ces and w dis were obtained have been published previously [20, 46] , as summarized in § §2.1-2.3. Figure 1 provides an overview of control mechanisms in phospholipid homeostasis and the importance of developing quantitative models to understand the role of lipids in health and the environment.
Objectives
Our previous studies [20, 46] gave two sets of coarse-grain parameters (w ces and w dis ) determined by data-driven modelling using the HL60 and HeLa cell lipidomes. These w ces and w dis parameters can be substituted, with new lipidomic data, into equation (1.1) to give p dis and p ces values for these new lipidomes. Our first objective is to determine if the control functions and parameters determined previously are valid in these new lipidomic datasets. Secondly, we evaluate the mechanisms by which both control functions might be maintained in vivo; a number of possibilities exist. There might, for example, be two separate control mechanisms, one for curvature elastic stress and one for membrane order. However, it is also possible that maintaining one of these membrane properties within tightly controlled boundaries automatically regulates the other membrane property, suggesting that Figure 1 . A schematic overview of how homeostatic control mechanisms might occur in phospholipid biosynthesis, showing the biophysical concepts of membrane order, spontaneous curvature and stored elastic energy. A simplified phospholipid biosynthetic pathway, where PC, PE, PI, PA, PS and DAG are phosphatidylcholine, phosphatidylethanolamine, phosphatidylinositol, phosphatidic acid, phosphatidylserine and diacylglycerol lipids, respectively, is also shown. Membrane bound proteins involved in lipid biosynthesis, which can sense and regulate the biophysical properties of the membrane, the environmental contributions to lipid composition and health implications of understanding lipid biosynthesis are also summarized.
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Material and methods
The lipidomes used in this study are derived from total cell extracts and have been published previously by various groups. Methodology through which control functions for membrane order [20] and the intrinsic curvature hypothesis [46] were parametrized is summarized in § § 2.1-2.3.
We have published lipidomes of the HL60, HL60 oleate (HL60 cells cultured in excess oleate), HeLa and HeLa sync (synchronized HeLa) cells [20, 46, 47] . The LDLR mouse lipidome was obtained from thioglycolate-stimulated wild-type and low-density lipoprotein receptor knockout (LDLR(2/2)) mice maintained on normal and Western (high-fat, high cholesterol) diets [48] . Lipidomes of RAW 264.7 cells cultured with KDO lipid-A (RAW 264.7 KDO ), or compactin (RAW 264.7 compactin ) or BMDM cells treated with compactin or ATP (BMDM compactin and BMDM ATP , respectively) are freely available in the literature [48 -50] . The lipidomes of MDCK cells [51] and human brain cells exhibiting Alzheimer's disease and control (NEURO Alz ) [52] are also available.
Assumptions in the data-driven modelling
To construct these data-driven models a number of assumptions have to be made, as discussed previously [20, 46] , which fall into two groups. The first group comprises assumptions about the experimental (lipidomic) data and ultimately determine the identity and diversity of the set of lipid species fLg. The second group comprises assumptions about the biophysics of the control mechanisms and dictate the form of the control function and how the w terms are constructed.
Assumptions deriving from the experimental data are that:
A. The lipid species (PC, PE, PS, PA, PI, DAG) used in the control functions represent greater than 90% of the total phospholipid composition of whole cells. B. Where isomeric or isobaric lipid species exist, all the lipids are assigned the dominant lipid identity. C. The identity of lipid species can be assigned from the likely distribution of unsaturations, which is accomplished using the fatty acid species that predominate in mammalian cell lipidomes, i.e. [53] .
Assumption C is necessary because many of the lipidomes used in this study report at the lipid species level, e.g. PC34 : 2, which does not allow individual fatty acid chain lengths or the distribution of unsaturation to be assigned. In general, lipid identity assignments based upon the distribution of unsaturations are straightforward because, for example, PC 36 : 1 will contain one saturated chain and one monounsaturated chain (referred to as PC 0 : 1 in our models) and PC 36 : 2 will predominantly be PC 1 : 1 rather than PC 0 : 2 (due to the greater predominance of the 18 : 1 fatty acid).
Assumptions that dictate the form of the control functions and how the w terms are constructed are in part driven by the available lipidomic data but are also determined by current knowledge in membrane biophysics. These assumptions are that: D. The chain length of the individual fatty acid chains has no effect on membrane order or spontaneous curvature, which arises directly from assumption C. E. Control functions can be expressed as ratios where the individual lipids contribute to the collective numerator and denominator terms through ideal linear mixing.
F. Curvature elastic stress increases with the number of lipid unsaturations and with lipid headgroup such that PS , PC , PI , PE , PA , DAG (for identical chain lengths), based on individual lipid contributions to membrane curvature elastic stress estimated from values of each lipid's spontaneous curvature [46] . G. Membrane disorder increases with the number of lipid unsaturations and with lipid headgroup such that PA , PE , PS , PC , PI , DAG, ranked using in vitro trends in individual lipid T m values, as discussed [20] .
2.2 The origin of the terms w ces , w dis and pivot species (L p )
The parameters w ces , w dis and pivot species (L p ) used to construct the control functions of the form shown in equation (1.1) were determined by a data-driven modelling approach using the HL60, HL60 oleate and HeLa lipidomes. According to a set of rules that stem from assumptions F and G, values of w were constructed by random iteration and used to calculate p dis and p ces . This approach was repeated using each lipid present in the HL60/HeLa lipidomes as the pivot lipid. The best sets of w ces or w dis and pivot species were selected as those that gave the lowest variance in p dis or p ces across all the cell populations [20, 46] (reproduced in the electronic supplementary material, tables S1 and S2).
Determining the values of p dis and p ces for new lipidomes
To calculate the values of p dis and p ces for each lipidome in this study, the individual concentrations of each lipid species (L) for each population of cells (i.e. each experimental flask) were inputted into equation (1.1) along with the relevant value of w ces or w dis for that lipid species and control function (from electronic supplementary material, tables S1 or S2). The mean average, standard deviation and coefficient of variance of p dis and p ces were then determined for each lipidome.
3. Results and discussion 3.1. Control functions for membrane disorder and curvature elastic stress tested in new lipidomic datasets
The compositional abundance, statistical variance and origin of the lipidomes used in this study are shown in the electronic supplementary material, table S3, which shows very clearly that there is significant diversity across the lipidomes studied. This is important to note because without this diversity our results are not a significant development on our previous studies. [20, 46] are also apparent in these wider datasets and that both properties are being regulated. This larger set of data also suggests that the ratio of p dis to p ces for each cell line is around 3. This indicates a possible correlation between the two control functions across all the cell lines.
A strong correlation between p ces and p dis across all lipidomes and evidence of data clustering
A plot of p dis versus p ces for each individual population (ca 500) of cells was constructed and is shown in figure 2a . Figure 2a suggests that there is a strong correlation between p dis and p ces in vivo (Pearson's correlation coefficient of þ0.93). This suggests there is an equally strong correlation between membrane curvature elastic stress and membrane disorder in vivo, such that as thermal disorder increases in the bilayer, curvature elastic stress also increases. In qualitative terms, this makes sense because as the temperature increases, increases in thermal disorder of the acyl chains will lead to a larger hydrocarbon chain cross-sectional area. This is turn leads to a tighter radius of curvature and greater curvature elastic stress in the bilayer arrangement. However, it is well established that the spontaneous curvature preference of individual lipids does not correlate with increased membrane disorder [54] , suggesting a more complex mechanism is behind the correlation in figure 2a and that this correlation is an emergent property of the mixture. Another interesting observation is that for the cells analysed in figure 2a p ces and p dis cluster over a range of 0.3-1.4 and 0.1-0.5, respectively. To get an idea of the range of values that p dis and p ces can have we used equation (1.1) to calculate p dis and p ces for binary lipid mixtures using the values of w ces and w dis in the electronic supplementary material, tables S1 and S2. These data are shown in figure 2b indicating that the p dis and p ces values for mammalian cells cluster when compared with the range of values possible.
Before exploring this relationship further, it is worthwhile ensuring that the correlation between p dis and p ces is not artefactual. It is possible that the correlation might occur due to the underlying lipid concentration, in which case any two control functions for p dis and p ces will show strong correlations because L, in equation (1.1), is significantly greater in magnitude than w. Therefore, as a control measure, a similar analysis to that shown in figure 2a was performed, where two, previously discarded w parameter sets (from our previous studies [20, 46] ) causing high variance (i.e. large c v values) in p dis and p ces were plotted against each other. Electronic supplementary material, figure S1 shows for the cellular lipidomes and electronic supplementary material, figure S2 shows for the binary lipid mixtures that in this instance p dis and p ces are poorly correlated. To the best of our knowledge, only one literature study has proposed a quantitative model of the relationship between membrane order and lipid phase curvature [54] . Using binary lipid mixtures of 1-palmitoyl-2-oleoyl-sn-glycero-3-phosphocholine (POPC) and deuterated (d-31) 1-palmitoyl-2-oleoyl-sn-glycero-3-phosphoethanolamine (POPE), Lafleur et al. [54] determined the order parameter of both the inverse hexagonal (H II ) and fluid lamellar (L a ) phases at different lipid compositions. They found that the temperature dependence of the membrane order parameter follows the same quantitative relationship in both phases but also that the membrane order parameter scales as a function of the curvature of the lipid mixture. This suggests that there are two components that drive membrane order, the first component is thermal energy and the second is stored elastic energy. Lafleur et al. [54] show that the average membrane order parameter of POPE:POPC 82 : 18 in the L a phase (S La ) is ca 0.2 and in the H II phase (S HII ) is ca 0.08 (both at 308C). In fact, over the composition range studied, order in the L a phase is 2-3 times greater than in the H II phase, at all temperatures. Thus, in the bilayer phase the effects of thermal disorder are attenuated by the frustration of lipid spontaneous curvature. If we consider the case for mammalian cells (at constant temperature) then, because there is evidence to suggest curvature elastic stress is tightly regulated, the results of Lafleur et al. [54] imply that the attenuation of thermal order must also be constant. Furthermore, if the thermal contribution to membrane order is significantly bigger than the contribution from curvature elastic stress in vivo then controlling curvature elastic stress will have little effect on net membrane order. Therefore, membrane order would need to be independently regulated. Similarly, if the thermal contribution to membrane order in vivo is significantly lower than the contribution from curvature elastic stress then, to regulate membrane order, it is theoretically only necessary to regulate curvature elastic stress. To develop this analysis further it is necessary to estimate the curvature elastic stress of the cellular membranes in this study.
Estimating curvature elastic stress and the ratio S La /S HII in vivo
There are no in vivo measurements of the spontaneous curvature, curvature elastic stress or stored elastic energy of biological membranes reported in the literature. Therefore, the best estimate of the magnitude of curvature elastic stress in vivo comes from calibrating p ces against the calculated curvature elastic stress present in binary mixtures of lipids. If we compare this estimate of curvature elastic stress in a cell membrane to the curvature elastic stress in lipid mixtures with published values of the ratio S La /S HII we can estimate the ratio S La /S HII in vivo. membranes is around 4 -7 Â 10 212 N. Figure 3b shows the relationship between t and S La /S HII in model membranes, calculated from the data of Lafleur et al. [54] . From figure 3b it is clear that at this value of t, S La /S HII is around 2.6 and hence t will have a dominating effect on membrane order in these cells.
A mechanism for phospholipid homeostasis: curvature elastic stress drives membrane order in mammalian cells
A ratio of S La /S HII ¼ 2.6 is consistent with a mechanism where, at constant temperature, the regulation of membrane order in vivo could be accomplished by regulation of t. However, Lafleur et al. [54] also present data to show that in the same POPE and POPC binary lipid systems, where S La /S HII ranges from 2.6 to 3.11, the absolute magnitude of the orientational order parameter does not change significantly with lipid composition and hence t. An explanation of this stems from figure 3b, where S La /S HII appears to plateau at values of 3 over the range studied. In this regime, the effect of changes in t on absolute order will be small, assuming constant temperature, possibly because the system is highly stressed. This in turn suggests that if mammalian cells maintain t at around 2 Â 10 211 N or above, S La /S HII will be about 3 and absolute membrane order will be constant. However, this does assume that the nonlinear curve fitted to figure 3b is appropriate. Assuming it is valid, then the lower value of S La /S HII ¼ 2.6, which is at the steepest point in the curve, suggests that the membrane order will be more sensitive to t in this regime. It is however worth noting that the effect of protein is ignored in the calculation of t. Theoretically, k M will increase with increasing protein content in the lipid bilayer as discussed [57] ; therefore, it is likely that the estimated value of t in vivo is at the lower extreme of the real value. This mechanism explains why lipids such as cholesterol have an ordering effect on the other lipids present in biological membranes [58] . The radius of spontaneous curvature of cholesterol is tightly negative (R 0 ¼ 220 Å ) [56] and hence in a bilayer arrangement, frustration of the spontaneous curvature of cholesterol is one mechanism through which membrane order might be controlled. This suggests that other lipids with negative spontaneous curvature will also increase membrane order when their curvature is frustrated, as a recent in vivo study that replaces cholesterol with PE indicates [59] .
It is interesting to ask whether the same mechanism might operate to maintain membrane order in cells constant at different temperatures. As S La /S HII is around 2.6 -3 at all temperatures studied by Lafleur et al. [54] (from 208C to 808C), it is possible that by regulating t in response to temperature change, membrane order will also be regulated. However, given that we have estimated t in mammalian cells at constant temperature, further work will need to be carried out to assess this.
Mechanistic insights into the correlation between membrane curvature elastic stress and membrane order in vivo
To understand how the individual lipid species contribute to both p ces and p dis , we looked at how hypothetical lipid compositional changes would simultaneously affect both terms. This was achieved by normalizing the difference in magnitude of w between each lipid and each pivot lipid species i.e. (w ces Lp -w ces L )/w ces Lp or (w dis Lp -w dis L )/w dis Lp for the set of lipids fLg. Figure 4 shows the resultant plot restricted to the lipid species that have the greatest impact on the control functions (PC, PE, PS and PI headgroups) [20, 46, 47] . Compositional changes in the lipid species that fall on the dashed diagonal line in figure 4a-c will change the values of p dis and p ces by equal amounts for a single cell population. Figure 4a -c show very clearly that a compositional change in any of the individual lipid species (lipid headgroup classes are shown in figure 4a , unsaturation combinations are shown in figure 4b) will not increase p dis more than p ces , because none of the lipids appear above the diagonal line. rsif.royalsocietypublishing.org J. R. Soc. Interface 13: 20160228
Biologically, figure 4b shows that disorder, i.e. p dis , does not increase linearly with unsaturation. This is to be expected, because once a single unsaturation has been added, further unsaturations allow the chains to adopt some more ordered gauche conformations as well as less ordered conformations [14] . Furthermore, two groups of lipids can be defined as shown in figure 4c, Group 1 (subdivided into 1a and 1b) and Group 2.
-Group 1 lipids fall on the line of equality (or close to it) and thus compositional increases in these lipids decrease (Group 1a) or increase (Group 1b) the magnitude of p ces and p dis more or less equally.
-Group 1a lipids are saturated lipids of all headgroups e.g. PC, PS, PE and PI ( figure 4a,b ). -Group 1b lipids are comprised of mono-, di-and triunsaturates of PC, PS, PE and PI ( figure 4a,b ). -Group 2 lipids are a significant distance from the line of equality and compositional increases in these lipids increase the magnitude of p ces to a greater extent than p dis . -Group 2 lipids are comprised of polyunsaturates, e.g. 20 : 4 and 22 : 6, containing lipids with PC, PS, PE and PI headgroups ( figure 4a,b) .
This information allows us to understand, mathematically, how the correlation between the p dis and p ces , figure 2a, is shows the lipids classified into three groups (Groups 1a, 1b and 2) as discussed in the text. Panel (d ) shows the relative changes in p ces and p dis about the cell cycle of the HeLa cell; p ces data were normalized to the p ces value at 3 h and p dis data were normalized to the p dis value at 3 h. G1, S, G2 and M are the Gap 1, Synthesis, Gap 2 and Mitosis phases respectively and x-axis is the number of hours after the release of cells from synchronization agent [47] . Increases in p ces over p dis during G2/M are driven by compositional increases in polyunsaturated lipids.
rsif.royalsocietypublishing.org J. R. Soc. Interface 13: 20160228 maintained in vivo, because the most compositionally abundant lipids in each lipidome (electronic supplementary material, table S3) are in Groups 1a and 1b.
Group 1 and Group 2 lipids have different biosynthetic pathways
Interestingly, figure 4b suggests that the polyunsaturated lipids in Group 2 might drive underlying variation in the ratio of p dis to p ces . This is an interesting observation when the different biosynthetic routes for lipid production are considered. In vivo biosynthesis of lipids occurs through two pathways. Phospholipids are synthesized de novo through the Kennedy pathway [60] , from free fatty acids via diacylglycerols, or by fatty acid remodelling through the Lands cycle [61] . The polyunsaturated fatty acids 20 : 4, 20 : 5 and 22 : 6 appear to be exclusively substituted into lipids through fatty acid remodelling [62] . What is striking about figure 4c is that the lipids in Groups 1a and 1b are exclusively synthesized by the de novo route and the lipids in Group 2 are all synthesized by the remodelling route. This suggests a cellular mechanism through which membrane curvature elastic stress could be varied disproportionately to membrane order in vivo. Figure 4d shows a reconstruction of the original plots of p dis and p ces for the HeLa cell cycle normalized to their first time point. This analysis allows us to look at the relative magnitude of curvature elastic stress and membrane order as they vary about the cell cycle. Initially, p dis and p ces drop in proportion with each other before there is a rise in p ces that is greater than the rise in p dis at 12 h. What is now clear is that the difference in p ces and p dis at 12 h (G2/M) is clearly due to the elevated Group 2 polyunsaturated lipids. Using transcriptomic data in the NCBI GEO database for HeLa cells as they traverse the cell cycle [63] , we looked for evidence to suggest that any of the acyltransferase enzymes [62] that perform polyunsaturated fatty acid substitutions, full list shown in electronic supplementary material, table S4, were expressed to a greater extent as cells move into the G2/M phase of the cell cycle. We could find no transcriptional correlation, suggesting a biochemical or post-translational mechanism that drives substitution with polyunsaturated fatty acids. Many of the acyltransferase enzymes that substitute polyunsaturated fatty acids are membrane spanning [62] ; therefore, the likely regulatory mechanism is through membrane curvature elastic energy as demonstrated for several other intrinsic proteins [38] . However, it is also possible that membrane order might be being sensed, as is thought to occur in bacterial membranes through the so-termed 'sunken-buoy' motif [42] in some transmembrane proteins.
4. Conclusion 4.1. Limitations, assumptions and the development of better data-driven models
In this work, a number of assumptions are made as discussed in §2.1. It is useful to consider the impact of these assumptions on the conclusions of this study. The need for these assumptions partly stems from the current limitations of lipidomic analyses, as summarized in figure 5 and below.
(i) Lipidomic analyses are mass spectrometric and some lipid structural information such as fatty acid chain length, position and distribution of unsaturations (critical to efficient biophysical parametrization) is lost due to isomerism (assumptions A, B and C). (ii) Lipidomic datasets are predominantly obtained from total lipid extracts and contain no information on cellular lipid spatial heterogeneity. In particular, subcellular lipid distribution, membrane protein composition, lipid microdomain composition and lipid leaflet compositional asymmetry are lost.
The limitations presented in point (i) are likely to be overcome with new methodological developments in lipid mass spectrometry. This will enable a less coarse-grained approach to data-driven modelling to be performed by allowing a greater number of lipid species to be identified and included in the models. We know, however, from previous work [20] that the most compositionally abundant lipids (typically PC and PE lipids) dominate the control functions and because these are already included in the model the inclusion of less abundant lipids is unlikely to impact the conclusions of this paper.
The limitations presented in point (ii) will be overcome by new methods of lipid extraction and membrane fractionation. This will enable control functions to be determined for individual subcellular membranes. If all the membranes, domains and membrane leaflets in the cell have the same magnitudes of p ces and p dis , then this will be of no consequence; however, there is no reason to expect this. Furthermore, quantitative details of the membrane proteome obtained under the same conditions as the lipidome will enable the set of total membrane proteins fP M g to be included in control functions. This is important because some membrane proteins can mitigate lipid curvature effects and hence their inclusion will lead to more accurate models.
Control functions are parametrized as a mixture where the components contribute linearly as a function of concentration to the mixture properties (assumption E). The use of this principle of ideal mixing is widespread [25, 36, 54, 55] in the biophysics community and unlikely to be re-evaluated. Related to this is the low data density of the relevant lipid biophysical data, which allows the ranking of lipid contributions to curvature elastic stress (assumption F) or membrane order (assumption G). As new data emerge, a less coarse-grained approach to generate the values of w ces and w dis can be employed. However, because the major trends are well established it is unlikely that either assumption E or F is likely to be re-evaluated.
Summary of key results and future directions
Using data-driven models [20, 46] as proxies for membrane disorder and membrane curvature elastic stress in vivo, we have analysed the lipidomes of ca 500 cellular populations. Our analysis suggests that:
-both p ces and p dis are well-evidenced in the new datasets, -a positive correlation (R ¼ þ 0.93) exists between the two control functions across the new lipidomes, -curvature elastic stress in mammalian cells is ca 4-7 Â 10 212 N, -regulation of membrane order (membrane fluidity/ viscosity) can be achieved by regulation of membrane curvature elastic stress but not vice versa, -lipids synthesized through the Kennedy pathway have a more or less equal effect on both control functions, and -Lands' cycle offers a route by which cells might increase curvature elastic stress to a greater extent than membrane order.
These findings have several implications for model studies of lipid-protein interactions. For example, it is common practice to look at the activity of membrane interacting proteins in binary lipid mixtures. Focusing model membrane studies on lipid mixtures with p dis and p ces values comparable to those in real cells might reveal new insights into how lipid composition affects protein activity, particularly if p ces and p dis values are used to normalize protein activity in across lipid compositions.
These data-driven models present a number of hypotheses, which ought to be tested independently. There are a number of challenges that currently prevent this. The biggest is that there is currently no way to directly measure stored elastic energy in a membrane. Rather its magnitude must be inferred using the intrinsic parameters of lipid mixtures and linear mixing. Membrane order can be measured in membranes; hence one approach to test the hypotheses presented is to measure membrane order and compare it to the calculated curvature elastic energy in complex lipid mixtures. Competing interests. The rsif.royalsocietypublishing.org J. R. Soc. Interface 13: 20160228
